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X-RAY IMAGING OF BIOLOGICAL SPECIMENS
Johndale C. Solems
Theoretical Division
Los Alamos Nationsl Laboratory
Los Alamos, New Mexico 87545

Abstract
1 compare alternative techniques for x-ray imaging of biological speci-
mens on the basis of (1) transverse and longitudinal resolution, (2) depth
of field, (3) choice of recording medium, and (&) recording efficiency. ]
show that for all 1maging techniques, the dosages suffered by specimens
are so high that the living state cannot be preserved, nor can the struc-
tural integrity of the specimen be maintsined in the usual sense.

Introduction

Many researchers sre engaged 1o studies that may extend the art of microscopy into the extreme ultraviclet
and x-ray range The impetus ia three-fold: (1) obtaining higher resolutio. imaging because the rescluticn
of all forms of microscopy 18 ultimately limited by the wavelength of the particle beam used., (2) sharp
Changes 10 AtOoRm1C Cross secticns owihg to pbotoelectric edges or resopsances in their vicinity offer contrasts
i biological specimens that have been prevrously unavailable without staining, (3) in macy cases the speci-
2en dosage levels are lower than with electron microscopy; and (&) sose technliques may reveal thre:-
¢imensional 10formation that hss 1n the past required laborious correlation of la.ge rumbers of thia sec-
tions The saort-wavelungth techniques presently under investigation divide roughbly 'ntc three categories
(1) contact i1msging. (Z) lens imaging, and (3) microholography

Contact Imaging

Contact microscopy'! 2’3 or wicroshadowgraphy has been developed to a high level of ssphistication
Shadowgrams are made b, placing the specimen directly on & ssooth recording surface and exposing the material
Lo an x-ray source ihe technique utually employs photoresist as a rr.cording medium. Photoresist ifre-
quently called x-ray resist in this wavelength regime) 1s a polymer used in the micrclithography. which
records the incidzuce of radiatico 'y breaking cross-links in the polyaer, which in turn renders the material
locally lese resistant tc etchants After developing the resist 1n etching wolutioo. the micrograph s
examiaed with an electroa aicros cpe Usually viewed with a scanning electron microscope. the resuitant
etched resirt 1esesbles a contour plot of the local xz-ray opacity of the specimen  Such 3-D piots ef spu:y-
@en transmission can -eveal real quan-itative data on the presence of specific elements? or even chem.cal
Lsznds within the specimen:

Contact microscopy images only those features in intimate contact with the recording surface If the
features have trunsvarse dimension O, then diffraction limits the deptb of field to 6%/\, where \ s the
X-ray wavelength. 1 e , the range of acceptable blurring 1s from the recording surface into the speacimer a
distance 82X This 1s srsevhst complicated by the character of the resist As the radiation 18 diffracteg
«round the featnres 1t en *rs the resist at augles deviating from normal. and the concomitant elecrron show-
ers tend to converge Or Cross as .“ey penetrate the resist. This suggeats that more resnlution could be
obtained without loss of sensitivity by constructing the recordiag surfaze of multiple toin layers of resant?
ard computer unfolding features near the diffractionp limat  This could also correct for the effect of trans-
verse etching io the vicinity of regions of high axposvre

The ultire-e resolution nf resist is 5-1C nm,! and 1is a iradeo{f between secondary electron range imade
werse by shorter A) and diffraction in the polymar itself (made worse by looger Aj The optimus 13 sbhoul
A s 3 nm, and thic problea might also be mitigated by the multiple layer technique

lens Imsgiog

There are twvo distinct appreaches to lens smaging- (1) an optical microscope apaloguev® 1n which the lens
is used to project an image of the microobject oato & recording surface, and (2) a scanning tecbnique! .n
which cthe leas 18 usad to focus ¢ rays frca & syachrorron source inoto a small region of the specimen. the
transmis~100 being recordad by a p -oporticual couater

In the z-ray regime there are ro practical refractive leuses. We muyst use diffrection by a Frearel zone
plate to obtain focussing The transverse resolution ubtaipable by lens-1imaging techniques is limited tc Lhe
finest spacing of the ireepcl s2ne plate. regardless of the type of technique bcing used Thie 1esolution
can be refined somewbat by placing a pirdole at the focus of the sone plate, where 1t 19 practical and the
pinhole can be fabricated to higher prectsion thsn the mone plate Present microlithography techniques
permit researchers to construct mone pletas of minimus sparing® of about 3CO0 A, although “jelly-roll~ sput-
tering techniques® may extend the art well beyond this resvlution The loagitudinal resolvtion. which 1



identicaliy the depth of field, is S?/A where S is the fin#st zone spacing (er pinhole diameter). Unlike
contact micruscopy, the focal point may be set anywhere in ‘he specimen.

Scaopning has a distinct advantage over '.ae opticsl micrescope snalogue: the specimen exposure cao be wmuch
less. Not only csn a high efficiency, large-tolid-angle detector be used, but the inefficiency of passing
through the specimen first and zoar plate seconé i: uvcided. The technique may localize features by fluores-
cence? as w~ll as transmistion, -?4ing to its ve-satility. Furthermore, by enlarging the focal spot we cau
achieve a trade-off hetween reso’ution and epecime:: dosage.

Microholography

Advantages of wmicroholography are: (1) it can be lensless, (2) it permits reconstruction of three-
dimensional information about the speciwen, and (3) it avoids the confusion that rerults from the large depth
of field of the lensing techniques. There are two basic types of holography: (1) Frcsnel-transform holo-
graphy, which uses planar refereace waves; and (2) Fourier-transform holography, wvhich uses curved refereace
waves.

As Gabor7'® originally conceived it, Fresnel-transform holography is an inherently simple technique: in
its wost rudimentary form it uses the same beam of radiation both to provide the reference waves and to
illuminate the specimen. The Gabor technique, however, req.ires the recording surface to be in the far field
of the specimen in order to suppress obscuracion of the virtual image by the resl image in reconstructing the
hologram.¥ Thus the usefulness of Gabor holograpky is limited to high contrast specimens with internal
features whose subtended area divided by the wavelength is small compared with the distance from the specimen
to the recording surface.!® The Leith-Upatnieks modification'! of Gabor's original scheme entails projecting
reference waves at an off-axis erogle, which makes the virtual and real images spaticlly separated in recon-
struction. Complete separation is obtained if the off-axis angle exceeds the wavelengthk divided by the
specimen resolution. A disadvantage of Fresoel-transform holography is thet the resolution of the micrograph
is limited to about twice the grainsize, A, of the recording surface.!?

Fourier-transfors holography!3'!¢ circumvents rhis problem. Because of the curved reference waves,
spacing between fringes can be indefinitely expanded by moving the recording surface away froa the reterence
source. Thus ordinary film, photocathode devices,'® and even wire chambers!® can be used for recording the
hologram. A difficulty with Fourier-transform holography 1s generating the reference waves. Ideally tLhe
reference waves are spherically diverging, i.e., generated by a Fresnel zone plate, in whiclh rause the trans-
verse resolution of the hologram (ss in the lens imaging technique) is limited by the mtni=us spacing of the
Fresnel .one plate,!? or to the size of the pinhole placed at the zone platc's focu:. Similarly, tuie longi-
tudinal resolution is S2/A, but fully three-dimeasional information is recorded. Interpretabie holograms
will be generated with minimum exposurc of the specimen if the intensity of the specimen’'s scattered wauves 1s
approximately the same as the intensity of tite reference waves.!® This is also true for Fresnel transtorm
holography. To ensure phase matching, the same source is used to illuninate the specimen as to generate the
reference waves, therefore it seems likely that one would use s Fresnel-zone-plate-and-pinhole arrangement.
W: can also use a reference scatterer!® of arbitrary slape, providing we either know the detailed acattering
properties of that reference scatterer,!? or we are allowed to take separate exposures with the speciaen and
reference scatterer together, the specimen, and the ncatterer.

A nearly distinct variant is the far-field crystalojraphic technique,!® resembling holography in the sense
tha* 4 refereuce scatterer and specimen are exposed simultaceously. However, the reference scatterer may be
a periodic array, and we obtain the image by exposing the spacimen rnd scatterer together and seporately and
computing the specimen's structure from the sepirate exposures.

Exposures

Because of the quantum nsture ~f electromagnetic radiation, the proress of inferring the detailed geomet-
ric arrangement of scattering and absorption within the specimen is ipherentlv statistical. In the short
wavelength region, acattering on the atomic level is small compsred to absorptinn. For biologic«l sperimens
scattering (s msinly owing to diffraction about locally opaque siructures.!® Thiu situation differs pro-
foundly from the visible region, where most of what we see it owing to reilection and refraction. In the
visible region the ousber of quaota scattered per resolution element is »xatreeely large, and the gquautum
energy is about two orjers of magnitude less than in the ultrasoft x-ray regime ot iuterest. Therefore it 1s
rarely necessary to damage the specimen in process of obtaining diffractiop-limited resolution.

Two factors affect the exposure the specimen must suffer to obtain s desived image vesolution: (1) the
number of photons required to obtain a statistically significant contrast between the features we are tiying
to study and the medium it which they are imbedded; and (2) the recording efficiency for those pholons

The statistical aspectn of contact and lens imaging have been studied extemsivcly by Savre,?0'2) et al.,
and the statistical aspeccs of Fourier-transform holography as well as the optimal adjustments of illuminaror
and reference (ntensities have been studied by Kondratenko and Skrinsky.'® To obtsin an mage with statisti-
cal contrast roughly snalogous to a 3:1 signsl-to-noise ratio using a modified fo.m of the criterion intru=-
duced by Rose,'’ we find the specimen will suffer a dosage

~shy Py ' P¢
D» "q)olﬁ (i_—?.—;v Il'ﬂﬂ'l ’ (l)
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where p are the probsbilities of a photon impinging s sasplc resolution element then produciog an event of
the typé’ use to form the image. In the same spirit as Sayre, the subscript f refers to a festure we are
trying to imsge and the subscript s refers to the homogenized "soup”" that elementally comprises the specimen.
We have assumed all constituents to be the same density, p_, an average thicimess of the specimen is x, and
the recording efficiency is £. If the principal mechbanism of image formation is absorption, i.e., we are
forming a shadow whether by lens or coutact technique, thea p =af , where a = exp {-u (x - 62/A)) und

g = exp{-p_ _6%/A}, and p are linear 1bsorption coeffi'dients *'" If fluorescence re being used,
s, f s, f [}
P¢ = 1 - af , where p £ ar® linear fluorescence coefficients.
'fn holo.rﬂﬁh , the pu‘t of the interference pattern containing information about fine features of the

specimen is found at large scattering angles.!® Proper adjustment of the reference intensity can make these
fringes high contraat even if the specimen is intrinsically low contrast. The diffractive scattering cross
section of a semiopaque feature is lrrro:i.ltely the geometric cross section raualtipled by the square of the
X-ray extinction through the feature. The dosage to the specimen when the reference intensity is optimally
adjusted for fringe contrast!® of the features we want to resolve is given by Eq. (1) with Py § = afl
- B /s !

fl‘le 1 shows the dosage suffered by various specimens in attewpting to record an image to transverse
vesolutions of 6 =5, 10, 20, snd 50 na. The specimens are treated realistically and reasonably good esti-
mates of their actual composition are used. They are meant to be representative of the types of things that
might be of biological interest ranging over 12 orders of magnitude from viruses, through wmycoplesma, through
the simplest prokaryotes to the higher eukaryotes. The dosage assumes that the specimeu in question is being
imaged along its gieatest dimension, i.e , preseating its least dimension to the =x-ray illusioator. We
assume hv 2 400 eV and that the features we are seeking to image are made of protein.

Dosages are given in rad (100 erg-g '), a ponular metric for biological damage. In humane, whole-bady
doses of more than 100 rad are considered dangerous, 1000 rad is alwost always fatal, and 10,000 can c»use
prompt incapacitation. There are some bacteris that can survive 10 rad.2?® Table 1 shows that extremely
high dosages are required to image viruses, partly because of their size, but mo-~tly because of the low
contrast between protein and nucleic acid at 400 eV. For cells, the dosage remaius fairly flat betwern
masses of 10 !* to 10 8 g, within each resolution category, mainly owing to slow increase in specimen thick-
ness, but also owing to incresse in the water-to-protein ratio as cells get larger.

Microholography requires somevhat higher dosage to obtain the sams resolution as coatact or lens imaging,
but the difference is not dramstic. The dosage decrea 2s more rapidly with decreasing resolution because the
scattering cross section of a feature increases as the square of the extinction.

‘‘able 1 assumes 100% recording efficiency (¢ = 1). This efficiency varies greatly from one technique to
another; it is generally the product of (1) the quantuy efficieccy of the recording medium, and (2) the x-ray
gathering efficiency of 'he imaging optics.

For contact imaging, the gathering efficiency is unity, but the quantum efficiency of a single layer of
resist is limited by diffraction. X rays sre diffracted around the fine features of the specimen so tbat the
image from even those features in intimate contact with the resist is blurred at a distance 6?/A inside the
resist. The blurring is exacerbated by the divergence and variastion im initial divection of the secondary-
electron shower, and also by Jiffraction in the resist itself. Further complication occurs in the etching
process, because unexposed resist will be etched in all three dimensions, slbeit at a stlower rate than ex-
posed reaist. Considering diffraction around specimen features only, the recording cfficiency for a single-
layer resist is less than

TRLVL N (2)

where p_ is the linear asbsorption coefficieat of the resist. For PMMA this efficiency imn ahout 5% with
8z 10 and A = 3 nm. This sugges’s an advantage accrues to & resist vith Jarge p . The problem could 1n
principle be eliminated by using wultiple layer resist, snd etching the layers lepﬂrately. but this would
require very thin layers and much computation for recoastryction.

The optical analogue x-ray microscope has a poor gathering efficiency; from solid angle arguments it i
less than

M- {1 - (o)), o

assumin; diffuse i{llumination. A coodenser lens can considerably enhance this efficiency, hut not more than
an order of magnitude. If s = 350 nm and A » 30 nm, the gatheriag eff{iciency is less than 2 = 10 !, however,
essentially unit-quantum-ef iciency photographic film could be used to record the image. In minimizing
dosage to the specimen, scanning clearly has the advantage.

The fringe pattern of a Freanul-transfors hologrsm bas s three-dimensionsl character that will expone the
resist along columie that are not necessarily normal to the surface. Unlike the case of contact microscopy,
however, the angles of penetration of the .ringes are more dependeut on the geometry of the apparatus than on
details of the specimen Sioce we hknow the geometry of the apparatus, we can compensste for the varying
anglen of penetration, and, in geoeral, the variation in sngle will change alopg the resist surface op length
ocales of the ssr- magnitude as the leugth scale of the sppsratus. If the normal distance fros the specimen
to the plsnar recording surface io a Oabor-type holograph is d, aund the characteristic dimensiovns of the
specimen ace small compared to d, then the angles of penetration of the fringes into the remist are given by

o= tau t(Y - It o 2K - KT+ T (4)
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where Y = y/A, X = d/A, snd y is the distance along the resist from the axis of symmetry. If the exposurc of
the resiat 1s read with a transmission electron microscope, the oonlinearities inrtrcduced by the three-
dimecnsional character of the fringe pattern can be compensated by tilting the resist according to Eq (¢).
An alternative is to shape the s.rface of the resist so that the columns of the fringe pattern are alwiys
normal. If the x axis 1s the axis of symmetry, then the sngle of the normal of the resict surface witn
respect to the x axis 1s given by Eq. (&) vith X = x/A. If x >> y, then Eq. (&) becomes

“ Y,
0 = tan le) .

-~
w
-t

where b 1s the distance between the specimen and reccrding surface. This implies that the surface should be
a spherical shell with radius 2b.

In Leith-Upatnieks holography, there is no axis of symmetry, so the angle of penetration is a complicated
function of position on the recording surface, which can be derived by coordinate transfeimation st Eg (e)
In the far-field case, however, 1t depends only on the geometry of the apparatus and can be accCurateiy com-
pensated by tilting 1in readout.

In Fourier-transform holography with spherical refercace waves, the fringes penetrate radially 1in the
far-field. A planar slab of resis: could be easily 1nterpreted by tilting at the angle from the sp.cimen to
the resist surface. If a spherical shell of resist were used, all the columns would be normal tc the sur-
face. Thus resis. could be used wvith near-unity quantum efficiency, bat becauss there 18 no graiasize prab-
lem. sther high-efficiency detectors could be used as well.

Tabic 2 summarizes the features and recording efficiency of the various short-wavelength bioaicroscepy
techniques. When estimating the dosage given s specimen, the dosages given in Table 1 must be dividea by the
recoraing efficiences i1n Table 2.

Tabie 2. Summary of Optical Features at.d Recording Efficiencies

Lens lwaging M.crsholasgrapny
Type Contact Imaging
Optical Scanning Fresnel Fourtier
Microscope Illwsinater Transfore Transform
Tranaverse Regolution (§5) sax {A.4} max {A, 4. »} max {A. 24} max {2 29}
Longitudi 1 Kesolution 82/A
Multilayer - Film
Siogle- Resist Single-layer Resiat
Recording Medium/Detector Layer With Film Prg:ou;:mml Resist with - wire
Resast loterpre- v e Virisbie-Angle Chamber
tation Readout - Photo-
. ath=de
TRV LI
< o BUA -1 sMil-{1-(A70)2) 7] -1 -1
Recording Efficiency (2} r or better with
ade 1
condeaser lens

Concluding Remarks

This psper has cowpsied the contact imaging. lens imaging., and microhologrsphic techniques for x-ray
microscopy of biological specimens Microholography is distinguished from the cther techmiques by tre re-
quirement that the image be formed from coherentiy scattered photons The advantages of holography Aiscussed
in this paper are (1) 1t suffers less 1c-3 of resolution than the other techniques owing to the three-
dimensional aintensity patteros within the recording surface. (2) 1t provides. in s single exposure. the
informat(nn that weculd require multiple exposures by other techniques. and (1) i1t eliminates the cveed iar
lenses, which are diffiycult to fabricate in the x-ray regime
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